Abstract. Three nCo,N-TiO 2 nanocomposites (where cobalt concentration index n = 1, 5 and 10 wt %) were prepared and investigated by magnetic resonance spectroscopy at room temperature. Ferromagnetic resonance (FMR) lines of magnetic cobalt agglomerated nanoparticle were dominant in all registered spectra. The relaxation processes and magnetic anisotropy of the investigated spin system essentially depended on the concentration of cobalt ions. It is suggested that the samples contained two magnetic types of sublattices forming a strongly correlated spin system. It is suggested that the existence of strongly correlated magnetic system has an essential infl uence of the photocatalytic properties of the studied nanocomposites.
Introduction
Many papers have been recently published devoted to the magnetic atoms (from 3D transition group) -modifi ed titanium dioxide that concerned their magnetic and photocatalytic properties, e.g. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Observed long-range magnetic interaction in these materials gives rise to ferromagnetic ordering at room temperature and is related to semiconductor's properties which are very interesting and could fi nd application in the so-called spintronics. It has also been shown that some ions from the transition metal group improve the photocatalytic properties [18, 19] . Experiments have clearly demonstrated the occurrence of magnetic order at room temperature in titanium dioxide modifi ed by cobalt. Unfortunately, the mechanism responsible for this state is not yet fully understood. The resulting oxygen vacancies associated with the presence of titanium ions in lower oxidation state [19] could be involved in the formation of ferromagnetic state. The method of sample preparation signifi cantly affects its physical properties. Localized magnetic moments of the agglomerates and their concentration have a dominant infl uence on these properties and ferromagnetic resonance (FMR)/electron paramagnetic resonance (EPR) spectroscopy could help to understand magnetic interactions [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . In previous work investigation of the temperature dependence of the FMR/EPR spectra of co-modifi ed systems nM,N--TiO 2 (where n = 1, 5, 10 wt%, M = Fe, Ni) has been carried out [19, 30] . Measurements have shown that these are complex magnetic systems and thus improved understanding of their magnetism requires further investigations that in turn will optimize and expand their potential applications.
The aim of this work was to study the static FMR spectra of three co-modifi ed nCo,N-TiO 2 (n = 1, 5, 10 wt% of Co) nanopowders at room temperature (RT). As the magnetic interactions of agglomerates have an infl uence on their photocatalytic activity, the investigation of the magnetic properties of nCo,N-TiO 2 could help to gain knowledge of the mechanisms responsible for the extended applications of titanium dioxide.
Experimental
Amorphous titanium dioxide (TiO 2 /A) from the sulfate technology supplied by Chemical Factory Police S.A. (Poland) was used as a starting material for the synthesis of the (Co,N) -co-modifi ed rutile TiO 2 photocatalysts, as previously described [31] . A fi xed amount of TiO 2 water suspension was stirred for 48 h in a beaker with an appropriate amount of Co(NO 3 ) 2 · 5H 2 O such that the amount of Co introduced to the beaker was of 1, 5, or 10 wt% relatively to TiO 2 content. Subsequently, samples were dried at 80°C for 24 h in an oven and annealed at 800°C in a NH 3 fl ow. The obtained samples will be designated further as 1Co,N, 5Co,N, and 10Co,N.
X-ray diffraction (XRD) measurements of the synthesized samples have shown mainly the presence of TiO 2 rutile phase and small amounts of cobalt which increased with an increase in index n. X-ray photoelectron spectroscopy (XPS) has shown that the cobalt ions are on the second level of oxidation. Measurements of magnetic resonance spectra were performed on a conventional X-band ( = 9.4 GHz) Bruker E 500 spectrometer with a 100 kHz magnetic fi eld modulation. The measurements were performed at room temperature. Photocatalytic activity of samples was evaluated on the basis of decomposition of acetic acid (AcOH) in aqueous solutions in ambient air. 400 W high-pressure mercury lamp (Eiko-sha, Japan) with a cut-off fi lter providing irradiation of wavelength greater than 400 nm was used as a source of solar light irradiation. All the conditions were the same as described in previous publication [31] . All materials showed moderate photocatalytic activity, the lowest photocatalytic performance was obtained for 5Co, N nanocomposite (see Fig. 1 ).
Results and discussion
XRD measurements for the investigated nanocomposites are shown in Fig. 2 . XRD analysis confi rmed the complete transformation of anatase and amorphous phase to rutile. For all samples, no nitrogen was detected. This may be attributed to the fact that at this high cobalt concentration, cobalt species clog up the pores in titanium dioxide preventing nitrogen incorporation. For samples 5Co,N and 10Co,N, cobalt residues were recorded. XPS measurements of quantitative composition of the surface are shown in Table 1 . In none of the samples was nitrogen detected, which may mean that its concentration at the samples surface was below the detection level of at 1%. High intensity of the satellite structure in the spectrum indicates the presence of cobalt element on the oxidation state +2. The 5Co,N and 10Co,N samples have a lower ratio of O/Ti. Because this ratio value is approx. 3 or more, it is suggested that the surface is constructed from the phases between the Ti(OH) 4 and TiO(OH) 2 .
In order to confi rm presence of nitrogen in the studied materials, elemental analysis was carried out. As shown in Table 2 materials with 5 and 10% of Co do not contain nitrogen, which was only detected in small amounts in the sample prepared with 1% of Co.
The UV-Vis/DR spectra for (Co,N)-co-modifi ed samples are shown in Fig. 3 . All studied materials exhibit good visible light absorption, as in the case of (Fe,N)-TiO 2 -co-modifi ed [18] .
EPR/FMR spectra of the three investigated samples at room temperature (RT) are shown in Fig. 4 . The experimental resonance spectra (empty squares) are dominated by a single, intense, broad and strongly asymmetrical line for all samples that are typical for strong magnetic interactions of metal or metal oxide nanoparticle agglomerates [32] [33] [34] . With the increase of cobalt concentration, this interaction gets stronger.
The FMR spectra of nCo,N samples were satisfactory fi tted by using four spectral components of the Callen lineshape. These components represent, in a very simplifi ed way, lines that are produced by magnetic anisotropy of the spin system. The following equation for the Callen lineshape is obtained in a case of the linear polarization of the microwave fi eld [34, 35] : (1) where H r is the resonance fi eld,  H is the linewidth connected with relaxation of the Landau-Lifshitz type, and  H the linewidth connected with the Bloch-Bloembergen relaxation. Under certain circumstances, the Landau-Lifshitz relaxation can be identifi ed with the longitudinal (spin-lattice) and the Bloch-Bloembergen with the transverse (spin--spin) relaxations.
Results of fitting (solid lines) are shown in Fig. 4 . All parameters in Eq. (1) strongly depended on the concentration of cobalt (see Tables 3-6 ). It could be suggested that, inside the samples, two magnetic sublattices could form and essentially interact with each another. The resonance fi elds displayed essential differences for samples with different cobalt concentration (Table 3) . These four components could be paired in two magnetic systems: I and II. Assuming that the overall magnetic anisotropy fi eld H anis scales with the difference in magnetic fi elds of the components, H anis 
H i -H j , the largest H anis fi elds are calculated for sample 1Co,N (H anis (I) ~ 1.7 kG and H anis (II) ~ 8.7 kG), next for sample 5Co,N (H anis (I) ~ 1.8 kG and H anis (II) ~ 7.6 kG) and the smallest for sample 10Co,N (H anis (I) ~ 1.6 kG and H anis (II) ~ 5.9 kG). In the case of system I of magnetic agglomerates, the magnetic anisotropy did not vary signifi cantly in the three samples, but in the second system (designated as II), it decreased with increased concentration of cobalt. Overall, the magnetic anisotropy in the present samples is smaller than that in co-modifi ed nFe,N-TiO 2 nanocomposites [19] .
The linewidth connected with the relaxation of the Landau-Lifshitz type  H is the biggest for sample 5Co,N and the smallest for sample 1Co,N (see Table 4 ). On the other hand, the linewidth connected with the Bloch-Bloembergen relaxation  H is the biggest for samples 1Co,N and the smallest for samples 10Co,N (see Table 5 ). The amplitudes and relative integrated intensities are shown in Table 6 . The FMR integrated intensity, calculated as the product of the amplitude and the linewidth squared, is assumed to refl ect the concentration of nanoparticles. Both the amplitude and the integrated intensity increased with increased concentration of cobalt ions. Dipole interactions affecting the width of the line do not necessarily increase with an increasing concentration of magnetic centers. The reason for this lies with the processes of reorientation of correlated spin systems. Table 6 also shows separate relative integrated intensities for different relaxation processes. A signifi cant jump in relative intensities observed when moving from sample 1Co,N and 5Co,N concerning the process of the Bloch-Bloembergen relaxation is easily to observe.
Photocatalytic activity of the investigated samples is not as good as for previously studied co-modifi ed nFe,N-TiO 2 nanocomposites [18] . It is likely that the presence of FeTiO 3 phase and doped nitrogen in TiO 2 structure improves its photocatalytic performance under visible light irradiation.
On the other hand, the presence of two different magnetic sublattices may signifi cantly affect the various physicochemical properties of nCo,N-TiO 2 nanocomposites.
Conclusions
The FMR spectra of co-modifi ed nCo,N-TiO 2 samples have shown the occurrence of strongly coupled spin systems of two types. Relaxation processes and magnetic anisotropies quite signifi cantly depended on cobalt concentration. The increase in concentration of correlated systems differently affects the resonance fi elds and dipole-dipole interactions. It has been suggested that the presence of two magnetic sublattices adversely affect the photocatalytic performance. 
